Abstract: A photonic-assisted microwave mixer using a Sagnac-loop-based modulator and polarization-dependent modulation is proposed and experimentally demonstrated. In this scheme, a dual-parallel Mach-Zehnder modulator (DPMZM) is incorporated in a Sagnac loop, where light is single-sideband (SSB) modulated along one direction with no modulation along the opposite direction due to the traveling-wave velocity mismatch in DPMZM. The SSB-modulated light and unmodulated optical carrier (OC) with opposite propagation directions and orthogonal polarizations are combined via a polarization beam combiner, and thus, a partial orthogonal SSB-modulated signal is obtained, which is then injected into a Mach-Zehnder modulator (MZM) via a polarization controller to ensure the polarization of the unmodulated OC paralleling with the transverse electric (TE) principal axis of MZM. Thus, only the OC is modulated by the data, and the first-order sidebands pass through the MZM directly without modulation based on the polarization dependence of MZM. After a polarizer for polarization interference and a photodetector for optical-to-electrical conversion, a phase-stable microwave signal is obtained. By adjusting the bias point of MZM, clear eye diagrams, and waveforms of 1 Gb/s on-off keying (OOK), amplitude-shift keying (ASK), and binary-phase-shift keying (BPSK) signals at 8 GHz are experimentally achieved.
Introduction
In view of the burgeoning growth of high-speed video-intensive multimedia services driven by smart phones or terminals, the data rate requirement in wireless access networks is rapidly increasing. Benefiting from the huge bandwidth and low-loss of optical fiber transmission, radioover-fiber (RoF) technologies have been considered as an efficient delivery of high-speed multimedia services to remote base stations from central station (CS) [1] , [2] . The key issue in a RoF network is to distribute high-speed analog signals into the optical domain in the CS. In general, the baseband or intermediate frequency (IF) signal is first mixed with a high-frequency local oscillator (LO) using an electrical mixer, and then, the generated microwave signal modulates the optical carrier (OC) to realize the electrical-to-optical conversion. However, the electrical mixers have limited bandwidth and low isolation, which cannot satisfy the requirements in terms of wideband operation for future wireless system. Photonic microwave mixing technique provides a solution to these problems, offering the advantages of wideband operation, low loss, reconfigurability, and immunity to electromagnetic interference [3] . Many microwave photonic mixer structures have been reported in recent years, including cascaded electro-optic modulators (EOMs) [4] , [5] and parallel EOMs [6] - [8] . However, most of these schemes suffer from the existing of undesired frequency components and low conversion efficiency. A straightforward modulation approach that two OCs are both mixed with baseband signal in same optical path via an EOM to achieve photonic microwave mixing was demonstrated [9] . The major limitation of this scheme is that it is unable to carry a vector microwave signal mixing since the phase information of the signal is cancelled after the square-law detection. To achieve high spectral-efficient vector modulation in microwave signal, the mixing scheme is proposed using separated optical paths to ensure only one OC is mixed with the baseband data [9] - [13] . In these systems, the phase between the carriers varies in time because they travel in separated optical paths independently, thus the complicated digital signal processing (DSP) is required to compensate the phase incoherence between the two beating OCs. To overcome these bottlenecks, photonic microwave mixing techniques based on the generation of orthogonally phase-coherent OCs [14] and nonlinearities in semiconductor optical amplifier (SOA) [15] have been proposed. However, a narrowband optical filter with steep edges is required in the former scheme, making it wavelength-dependent and difficult to implement for low microwave frequency and limiting its flexibility. The latter needs an SOA, whose polarization rotation effect due to self-modulation birefringence difference is sensitive to the input optical power and frequency space between the two OCs, i.e., the generated RF frequency. In addition, the additional SOA with relatively large noise figure would degrade signalto-noise ratio of the signal and increase the system cost.
In this paper, we propose a novel photonic microwave mixing technique based on a bidirectional use of a dual parallel Mach-Zehnder modulator (DPMZM) in a Sagnac loop and the polarization sensitivity property of LiNbO 3 crystal. In the approach, a linearly polarized light wave is split by a polarization beam splitter (PBS) and sent to a DPMZM-incorporated Sagnac loop travelling along the clockwise and counter-clockwise directions. The light wave in the clockwise direction is single-sideband (SSB) modulated while the light wave in the counter-clockwise direction is un-modulated due to the velocity mismatch. The modulated signal and un-modulated OC are recombined via the PBS to form a partial orthogonal SSB (PO-SSB) modulated signal. It is composed of two phase-coherent OCs, i.e., the first sideband and initial OC of optical source, with different polarization states. Then, a polarization-dependent modulation using the polarization-dependent feature of Mach-Zehnder modulator (MZM) is applied on the incoming PO-SSB signal for photonic microwave mixing. The two light waves along the clock-wise and counter clock-wise directions of the Sagnac loop travel in the same fiber path and experience identical environmental vibrations, thus the random phase fluctuation between the OCs can be eliminated. Due to the phase coherence and polarization difference of the two OCs in the generated PO-SSB signal, the microwave photonic signal mixing scheme can be used for both amplitude modulation and phase modulation by jointly using a polarization-dependent LiNbO 3 modulator without complicated DSP technique. Moreover, the proposed scheme features wavelength-independent operation, which greatly increases the flexibility and may find applications in future low-cost RoF-based optical and wireless access networks with independent wavelength assignment. In the experiment, the 1 Gb/s phase-stable on-off keying (OOK), amplitude-shift keying (ASK), and binary-phase-shift keying (BPSK) photonic generated microwave mixing signals with clear eye diagrams and waveforms at 8 GHz are implemented. 
Principle
where E in ¼ E 0 e j2f 0 t is the optical field of the light wave from LD, E o denotes the amplitude of the optical field, f 0 represents the center frequency of the OC, and E cw and E ccw are the optical fields of the clockwise and counter-clockwise light waves, respectively.
Then, the carriers in clockwise and counter-clockwise directions are fed into DPMZM via PC2 and PC3, respectively. The DPMZM comprises two child MZMs (MZM1 and MZM2) nested within a third parent MZM3. To achieve SSB modulation, MZM1 and MZM2 must have identical bias voltage, and MZM3 is biased at the quadrature point [16] . Sinusoidal microwave signal with frequency of f m is provided by a LO and applied on the DPMZM via an electrical splitter and 90°m icrowave phase shifter (PS). The modulator has the traveling wave electrodes so that only the clockwise light wave is effectively modulated in the form of SSB modulation by the microwave signal, while the counter-clockwise light wave in the loop can hardly be modulated due to the velocity mismatch between the electrical and optical waves [17] . Note that the single-sideband suppressed carrier modulation (SSB-SC) modulation cannot be utilized in the Sagnac loop, since in this case, the light wave injected into the DPMZM along the counter-clockwise direction would also be totally suppressed and there would be only a first-order sideband at the output of the Sagnac loop. In general, a polarizer is integrated inside of a commercial DPMZM, so that the maximum modulation efficiency (ME) and minimum insertion loss can be achieved only when the polarization direction of input light wave is parallel to the PA of DPMZM (denoted as PA1, at an angle with respect to the x axis in Fig. 1) . As a result, PC2 and PC3 in the loop are used to rotate the clockwise and counter-clockwise lights by and Àð=2 À Þ, respectively, to align the lights in the two directions both paralleling to the PA of DPMZM, as shown in Fig. 1(b) and (c). Here, we define the rotation angle along the direction from x axis to PA1 is positive (marked by purple arrow in Fig. 1 ). The optical field after DPMZM along the clockwise direction can be expressed as
where A and B are the intensity modulation coefficients of carrier and first sideband, and E c and E s are the amplitudes of carrier and first sideband after DPMZM in the clockwise direction, f s ¼ f 0 À f m represents the frequency of the optical sideband. Note that the phase difference introduced by the PC is assumed to be zero in the transfer matrix for simplicity without loss of generality.
In the counter-clockwise direction, the light wave is not modulated. Ignoring the insertion loss, the optical field in position c presented in Fig. 1 , along the counter-clockwise direction can be written as
Then, the light waves along clockwise and counter-clockwise are, respectively, sent to PC3 and PC2. In this case, the clockwise and counter-clockwise lights are rotated by =2 À and À [18] , respectively. After that, the two lights are recombined by the PBS and the optical filed of recombined lights can be expressed as
The corresponding schematic optical spectrum is shown in Fig. 1(d) . The recombined optical field can be seen as a PO-SSB modulated signal which include two wavelength components [denoted as OC1 and OC2 in Fig. 1(d) ] with different polarization states. A portion component of OC1 resulting from the counter-clockwise light-wave is located at x -axis and orthogonal with the OC2. The two OCs at the output of the PBS with coherent phase are sent to an MZM via a PC4. Due to the polarization-sensitive property of LiNbO 3 crystal of MZM, maximum ME can be achieved when the input light is parallel to the externally applied electric field of MZM, but the modulation for the light in orthogonal direction light is insignificant [14] . We define the principal axis of MZM is x 1 -axis (denoted as PA2 in Fig. 1 ). PC4 is used to align the OC2 with the y 1 -axis so that the OC2 will not be modulated, while the portion component of OC1 paralleling to the x 1 -axis achieves a maximum ME. The optical field modulated by the baseband or IF signal at the output of MZM can be written as [see Fig. 1(e) ]
where E 0 ðt Þ and ðt Þ are the amplitude and phase modulation on the OC1 in x 1 -axis, respectively. Then polarization interference is occurred on a polarizer (Pol1) whose principal axis is aligned at an angle of 45°to the principal axis of the MZM. The optical field after Pol1 is given as
The schematic optical spectrum after the polarizer is depicted in Fig. 1(f) . In this case, the data is only modulated onto the OC1 but not the OC2. Thus, a photonic microwave mixing signal has been achieved. Moreover, the two optical light waves have correlated phase since they are traveling in the same fiber path and originated from the same light source. In the experiment, two erbium-doped fiber amplifiers (EDFAs) after PC4 and Pol1 are used to compensate the insertion loss. A photodetector (PD) is used for the optical-to-electrical conversion. The photocurrent after PD could be presented as
where the first term is the desired mixing microwave signal at the frequency of f m . The third term E 0 ðt ÞE c cos'ðt Þ represents the baseband signal that arises from the interference of OC1 components with data-modulated and non-modulated components. Since there is no overlap between the baseband signal and the mixing signal in the electrical spectrum, the desired mixing signal at the frequency f m can be easily selected by the filtering function of transmitting and receiving microwave antennas. Therefore, the baseband signal would not degrade the desired microwave mixing signal in theory. It can be seen that this photonic microwave mixing technique is available for both amplitude-and phase-modulated signal transmissions. More importantly, due to the phase-coherence between the two carriers, the complicated DSP technique to compensate the phase fluctuation of the optical signals can be avoided in this case.
Experiment and Results
An experiment based on the setup shown in Fig. 1 is implemented. The parameters of the major components in the experiment are given as follows: The wavelength of the linearly polarized light wave from TLS (Agilent81600B) is 1550.26 nm. The DPMZM (Fujitsu, FTM7962EP) has a 3-dB bandwidth of 22 GHz and a half-wave voltage of 3.5 V. The output of the LO is an 8-GHz sinusoid microwave signal. The polarization-dependent MZM has a 3-dB bandwidth of 10 GHz. The optical spectrum is measured by an optical spectrum analyzer (OSA, Ando AQ 6317B) with a resolution of 0.01 nm. An oscilloscope (Agilent 86100B) embedded by a PD with a 3 dB bandwidth of 50 GHz is employed to monitor the generated phonic microwave mixing signal.
To verify the polarization properties of the generated PO-SSB signal, we use a Pol2 (the dashed line in Fig. 1 ) after PC4 to map the optical signal to one polarization direction. The recorded optical spectra are shown in Fig. 2(a) and (b) when the polarization angle between the polarization direction of OC2 and that of the PA of Pol2 was changed from 0 to 90 degree by adjusting the PC4. It can be seen that the SSB modulation was realized in one direction, while the OC from the counter-clockwise direction was reserved in the orthogonal direction, which shows a good agreement with the schematic spectrum illustrated in Fig. 1(d) . Fig. 2(c) presents the clear waveform of the unmodulated microwave with the frequency of 8 GHz after PD, indicating that the phase coherence feature between the two OCs is well-preserved in our system. Then, we investigate the ASK and OOK modulation onto the 8-GHz photonic microwave carrier using the proposed photonic microwave mixer. The MZM is driven by 1 Gb/s nonreturn-tozero (NRZ) pseudo-random bit sequence (PRBS) with a word length of 2 23 À1 generated by a bit error rate tester (AgilentN4901A). To achieve OOK modulation, the MZM is biased at the quadrature point of its transfer function, and the power level of bit "0" is located at the null point of the MZM. Fig. 3(a) illustrates the clear eye diagram showing one complete bit of the PRBS signal for OOK modulation at 8 GHz while Fig. 3(b) is the corresponding zoom-in view. The edges of one bit PRBS signal are marked with green arrow in Fig. 3 . As a seven-bit sequence of 0101010 is applied to the MZM, a clear waveform and a zoom-in view are, respectively, shown in Fig. 3(c) and (d) , indicating that the stable OOK modulation on 8 GHz microwave carrier is successfully implemented. For ASK modulation, the MZM is biased at a point between quadrature point and null point so that the power level of bit "0" is located slightly away from the null point of the MZM. As a 1 Gb/s 2 23 À1 NRZ PRBS and seven-bit bit sequence of 0101010 are applied to the MZM, eye diagrams and waveforms of the ASK modulation at 8 GHz are clearly obtained, respectively, as shown in Fig. 4(a)-(d) . Compared with Fig. 3 , it can be seen that the modulation depth in ASK modulation case is a little lower than that in OOK modulation case. This is because the deviation of DC bias voltage to quadrature point would make the voltage level of bit "1" in ASK modulation case a little lower than that in OOK modulation case according to the transfer function of the modulator. In addition, the unequal optical power into the PD and microwave power applied to the modulator in the two cases also would result in the different modulation effects shown in the two figures.
Phase modulation is essential in RoF system to enable the advanced modulation formats, which can improve the spectral efficiency and reduce the overall system cost. Using the polarizationdependent property of MZM, only the carrier OC1 is modulated with signal while the other carrier OC2 is not. Thus the proposed scheme is also available for phase modulation. In order to achieve a photonic microwave signal with BPSK modulation, the MZM is biased at the null point of its transmission curve. In this case, the bit "0" and bit "1," respectively, has the phase of 0 and , while their optical field amplitude levels are identical since they are both located at the maximum transmission point. Fig. 5 (a) displays eye diagram of BPSK modulation on 8 GHz carrier. To further investigate the phase change of BPSK modulated signal, a bit sequence with alternative 1 and 0 is used to drive the MZM. As shown in Fig. 5(b) , clear waveform with the abrupt phase change of at the edges of one bit (marked with green arrow) is obtained. Compared Fig. 5 with Figs. 3 and 4 , it can be seen that the eye diagram of BPSK signal is accompanied with a little more noise than the amplitude modulated signal. This is because the phase modulated signal is more sensitive to the polarization direction of generated PO-SSB light than the amplitude modulated counterpart. In the practical applications, we can use PMF to connect the MZM with the Sagnac loop to overcome this problem, so that the OC1 component in x -axis is traveled in the slow axis of PMF and paralleled to principal axis of MZM2 strictly and thus a better signal performance of phase modulation might be achieved.
In principle, note that a dual-driving Mach-Zehnder modulator (DDMZM) can be used to achieve SSB modulation [19] in place of the DPMZM in Sagnac loop to further reduce the cost of system. Additionally, since we only need to control the polarization direction rather than the polarization state of the light strictly in the proposed scheme, the PCs (PC2, PC3, and PC4) can be avoided to enhance the stability as the proposed mixer is applied in practice by using PMF to connect PBS and the modulators [17] . In this case, both the clockwise and counter clockwise lights travel along the slow axis of the PMF in the Sagnac loop and then are recombined in PBS to achieve orthogonality. PC1 can be replaced by a pair of special designed connectors [20] to rotate the polarization direction of lights at an angle of 45°to the principal axis of PBS. Since most of the components used in our method [such as the two modulators, polarizer (pol), and PD and LD] are essential to realize a photonic assisted microwave mixer compared with other reported schemes and the modulator-based Sagnac loop is a mature technique which has been investigated extensively and applied in various applications [18] , [21] , we believe that the proposed photonic-assisted mixing technique is easily feasible and cost-effective to realize. In addition, with the development of the integrated photonic technology, the proposed scheme can be implemented by using a photonic integrated circuit (PIC) with a great performance. It can be predicted optimistically that such a compact and low-cost microwave photonic mixer can find applications in the RoF-based optical and wireless access networks. 
Conclusion
In conclusion, we have proposed and experimentally demonstrated a novel phase-stable microwave photonic mixer based on a DPMZM in a Sagnac loop and the polarization property of LiNbO 3 modulator. The BPSK, ASK, and OOK modulation at 8 GHz have been implemented, and clear eye diagrams and waveforms have been experimentally obtained for all the modulation formats. Compared with the existing photonic microwave mixing method, the proposed scheme adapts well to both amplitude and phase modulation without complicated DSP technique and greatly increases the flexibility. Such findings may have great potential for applications in future low-cost RoF-based optical and wireless access networks with independent wavelength assignment.
